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Abstract: Hemodynamic forces are related to pathological variations of the
cardiovascular system, and numerical simulations for fluid-structure interaction
have been systematically used to analyze the behavior of blood flow and the arterial
wall in aortic aneurysms. This paper proposes a comparative analysis of 1-way and
2-way coupled fluid-structure interaction for aortic arch aneurysm. The coupling models
of fluid-structure interaction were conducted using 3D geometry of the thoracic aorta
from computed tomography. Hyperelastic anisotropic properties were estimated for
the Holzapfel arterial wall model. The rheological behavior of the blood was modeled
by the Carreau-Yasuda model. The results showed that the 1-way approach tends to
underestimate von Mises stress, displacement, and strain over the entire cardiac cycle,
compared to the 2-way approach. In contrast, the behavior of the variables of flow
field, velocity, wall shear stress, and Reynolds number when coupled by the 1-way
model was overestimated at the systolic moment and tends to be equal at the diastolic
moment. The quantitative differences found, especially during the systole, suggest the
use of 2-way coupling in numerical simulations of aortic arch aneurysms due to the
hyperelastic nature of the arterial wall, which leads to a strong iteration between the
fluid and the arterial wall.

Key words: 1-way coupling, 2-way coupling, aortic arch aneurysm, blood flow,
fluid-structure interaction.

INTRODUCTION

The global mortality rate from aneurysms located in the aorta is approximately 2.2 per
100,000 inhabitants (Roth et al. 2018). Thoracic aortic artery aneurysms are potentially fatal
and their complications, such as rupture, hypovolemic shock, tissue compression, dissection,
thromboembolism, and ischemia, have a high mortality rate (Lipp et al. 2020). Degenerative aneurysm
of the ascending aorta artery is considered an emergency surgical procedure and its progressive
dilatation can quickly reach the aortic arch (Cosentino et al. 2019). In clinical practice, a maximum
critical diameter of 5.5 cm is the standard indicator for estimating the risk of rupture (Wang et al.
2021). However, for aneurysms with a diameter less than 5.5 cm, pathophysiological complications
can occur, even before surgery, with an incidence of 5-10% (Lipp et al. 2020, Wang et al. 2021). In
this regard, decision-making for intervention in aortic aneurysms should not be based only on the
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maximum diameter of the cross-section of the aneurysm (Salman et al. 2019). Patients with dissection
in smaller diameters and patients with large aneurysms still intact without dissection are reported
(Czerny et al. 2019).

From a biomechanical perspective, rupture or dissection of the aneurysm occurs when the stress
in the aortic vessel exceeds its wall strength (Campobasso et al. 2018). Because hemodynamic forces
are related to pathological variations of the cardiovascular system (Savabi et al. 2020), multiphysical
numerical simulations of fluid-structure interaction (FSI) become a useful tool in the investigation of
aortic aneurysms.

The non-coupled computational solid stress (CSS) technique, for example, does not consider the
hemodynamic effect of pulsatile flow and complacency of the arterial wall (Chandra et al. 2013).
Similarly, the computational fluid dynamics (CFD) technique without coupling does not take into
account the movement of the arterial wall. Thus, fluid-structure interaction and coupling techniques
can contribute to surgical practice and scientific studies since they better simulate the mechanical
and physiological behavior of the arterial wall due to the forces generated by flow. One-way coupled
fluid-structure interaction is adopted because it requires less computational effort, it is simpler to
implement than 2-way FSI, and it does not require full or partial mesh reconstruction (remesh),
resulting in a mesh of constant quality (Geronzi et al. 2021, Hirschhorn et al. 2020). However, unlike
2-way FSI, 1-way FSI does not guarantee energy conservation at the interface (Geronzi et al. 2021).
The 2-way FSI technique is more accurate for large deflections, where the fluid domain is strongly
influenced by structural deformation (Kuchumov et al. 2021), which is the case of blood vessel
simulations. In addition, 2-way is transient, more stable, and able to capture the interaction between
domains over a given period (Hirschhorn et al. 2020).

Mendez et al. (2018) investigated the non-coupled CSS-CFD technique compared to 2-way FSI in
the modeling of aneurysms in the ascending aorta. The results showed that for certain parameters, the
simplified CSS-CFD approach is comparable to 2-way FSI. Although differences were found in the spatial
distributions of other parameters, such as wall shear stress (WSS) and intraluminal stress, correlation
analysis suggests statistical agreement between the approaches. This was probably because changes
in the diameter of the aneurysm located in the ascending aorta are not elevated due to the rigidity
of the aneurysm wall. Arterial wall stiffness is a determining factor for the agreement of these
two approaches in the modeling of aorta aneurysms, which has led to a controversy between the
effectiveness of the CSS methodology (Campobasso et al. 2018, Mendez et al. 2018, Lin et al. 2017). This
fact will also be reflected in the fluid domain, due to variation in arterial diameter, resulting in an
overestimation of wall shear stress in the CFD approach (Lin et al. 2017).

In a comparison between the 1-way and 2-way approaches to abdominal aneurysm, Chandra et al.
(2013) concluded that main aortic wall stresses in the 1-way method are underestimated in the entire
cardiac cycle, compared to the 2-way method. At the same time, Scotti & Finol (2007) showed that
there is an overestimation of only 3% of the maximum wall stress by the 1-way approach. Khe et al.
(2016) conducted a comparative study between 1-way and 2-way for brain aneurysms and found that,
in general, the values of pressure, stress, strain, and displacement are overestimated in the 1-way FSI
approach.

The aortic arch is a region of specific geometric characteristics due to its ramifications, so an
aneurysm in this region can change the flow dynamics. Considering the lack of specific studies
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available in the literature on aneurysms located in the aortic arch and the divergences between
studies regarding numerical approaches to integrate the hemodynamic effects of flow andmechanical
behavior of the arterial wall, this study presents a comparative analysis of 1-way and 2-way coupling
approaches of fluid-structure interaction for aneurysms in the aortic arch.

MATERIALS AND METHODS

In this study, fluid-structure coupling was performed using two methods: 1-way (or partial coupling)
and 2-way (or total coupling). In the 1-way technique, the fluid domain was completely solved and
the force on the wall due to flow was then transferred to the solid domain as a boundary condition
on the inner wall for its solution. In 2-way coupling, the two domains were solved simultaneously, so
that, in the same time step until convergence, the forces in the wall due to hemodynamics calculated
in the fluid domain were transferred to the solid domain and the displacements due to mechanical
response of the arterial structure resulting from this loading were transferred to the fluid domain.

Geometry and mesh

Geometry for simulation was acquired from computed tomography of the thoracic region of a
74-year-old patient with a healthy thoracic aorta. The procedure was approved by the Research
Ethics Committee/Universidade Federal de Minas Gerais (COEP-UFMG) – opinion number 4523374.
Multislice images contained in the DICOM (Digital Imaging and Communications in Medicine) files
were reconstructed three-dimensionally in InVesalius 3.1 software based on 2D images of the sagittal,
coronal, and axial planes. The regions of the ascending aorta, aortic arch, and descending thoracic
aorta were selected by means of the thresholding technique to elaborate the three-dimensional
geometry. Subsequently, in Autodesk Meshmixer software, a fusiform aneurysm was generated in the
aortic arch region with 50% dilation. In this same solid, the arterial wall corresponding to the solid
domain was created with 2 mm thickness, which corresponds to anatomical values (García-Herrera &
Celentano 2013).

Unstructured hybrid tetrahedral and hexahedral meshes were generated for both domains. A
similar characteristic length was maintained in both to ensure coupling between the meshes was
100% in the interface between the domains. The meshes were more refined in the region of the aortic
arch. The fluid domain mesh has ten refinement layers close to the wall, where it was guaranteed that
the first layer had y+ ≥ 1. For the grid independence test of the fluid domain, the ASME V&V 20 (ASME
2009) standard was followed, with refinement factor 1.3. The solid domain mesh was refined by the
same factor as the fluid domain. Velocity and von Mises stress were monitored for the fluid and solid
domains, respectively, at different points of the arch. As a criterion for selection, it was adopted the
grid convergence index (GCI) value of less than 5% in all monitored points.

The selected mesh of the fluid domain had 1,073,561 elements and 352,781 nodes and the mesh of
the solid domain had 99,674 elements and 171,964 nodes.

A time independence study was done by dividing the time step by half for each simulation until
the same variables analyzed in the mesh independence test reached a difference less than 5%. In both
approaches, the time step adopted according to the time independence test was 0.01 s. Five cardiac
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cycles were simulated to account for numerical instability, transient effects, and independence of
initial conditions. The last cycle (4.0 to 5.0 s) was taken for analysis.

Boundary conditions

For the fluid domain, a no-slip condition was applied at the wall, pulsatile mass flow at the inlet
of the aorta (i.e. ascending aorta), and pressure pulse at the outlets (i.e. brachiocephalic trunk,
left common carotid artery, left subclavian artery, and descending thoracic aorta). The boundary
conditions, adapted from Alastruey et al. (2016), are shown in Figure 1a. In addition, turbulence
intensity was assumed to be 5% at the inlet and outlet. Figure 1b shows the geometry for simulation
as well as the planes selected for analysis of results. For the solid domain, zero displacements were
imposed on the faces adjacent to the inlet and outlets sections (Savabi et al. 2020).

Figure 1. Boundary conditions and planes for post processing. (a) Mass flow and pressure pulses. (b) Cutting planes
for results analysis. AA: ascending aorta; TDA: thoracic descending aorta; TB: brachiocephalic trunk; LCCA: left
common carotid artery; LSA: left subclavian artery; SP: systolic peak; MD: maximum deceleration; ED: early diastole;
LD: late diastole.

For FSI interface, the displacements of fluid and solid must be equal:

df = ds (1)

where d is the displacement, and s and f represent the solid and fluid domains, respectively. Moreover,
stress in both domains must be in balance:

n ⋅ 𝝉f = n ⋅ 𝝉s (2)

where 𝝉f and 𝝉s are the stresses in the FSI interface, corresponding to the fluid and solid domains,
respectively, and n is the outward normal vector.
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For the 1-way approach, the pressure curve on the wall along the cardiac cycle resulting from CFD
rigid wall simulation was recorded and subsequently applied as a boundary condition on the inner
wall of the artery.

Equations of government

The flow was assumed incompressible, isothermal, and transient. The conservation of mass and
conservation of the momentum equations are given by equations 3 and 4, respectively.

∇ ⋅ u = 0 (3)

𝜌f (𝜕u
𝜕t

+ (∇ ⋅ u) ⋅ u) = −∇p+ ∇𝝉 (4)

where 𝜌f is the density of blood, p is the pressure, t is the instant of time, 𝝉 is the viscous stress tensor,
and u is the flow velocity vector.

The k-ω SST turbulence model was adopted - a hybrid model that has the advantages of the k-ε
model for regions away from the wall and the standard k-ω model for regions close to the wall.

The Carreau-Yasuda rheological model (Equation 5) was adopted to represent blood viscosity as
a non-Newtonian shear thinning fluid.

𝜇 = 𝜇∞ + (𝜇0 − 𝜇∞) (1+ (𝜆 ̇𝛾)a)
n−1
a (5)

where ̇𝛾 is the shear rate, 𝜇0 is the zero-shear stress viscosity, 𝜇∞ is the infinite shear stress viscosity,
a is the Yasuda constant, 𝜆 is a time constant, and n is the power law index. The adopted values were
𝜇0 = 0.056 Pa.s, 𝜇∞ = 0.0035 Pa.s, a = 2, 𝜆 = 3.3130 s, and n = 0.03568 (Cho & Kensey 1991). For density,
the value of 1060 kg/m3 was adopted (Yeh et al. 2018).

For the solid domain, the Lagrangian coordinate system was adopted:

∇ ⋅ 𝝈s = 𝜌s ̇ug (6)

where 𝝈s is the solid stress tensor, 𝜌s is the density of the arterial wall, and u̇g is the local acceleration
vector.

The arterial wall was modeled as anisotropic hyperelastic, based on the Holzapfel model
(Holzapfel et al. 2000), with the following energy density function:

W = C10
2

( ̄I1 − 3) + k1
2k2

∑
i=4,6

(ek2( ̄I1−1)
2
− 1) (7)

where ̄I4 and ̄I6 are the pseudo-invariants of the Cauchy-Green tensor. C10, k1, and k2 are the constants
of the material.

The parameters of the material were calculated according to the work of Huh et al. (2019), which
relates these parameters to age of the patient. The values used were: C10 = 0.218 MPa, k1 = 0.16437 MPa,
and k2 = 4.1787.
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Numerical solution

The fluid domain was discretized by the finite volume method in Fluent software (ANSYS 2019
R2) and the solid domain was discretized by the finite element method in ANSYS Mechanical
software (ANSYS 2019 R2). In the 2-way FSI approach, domain coupling was performed by System
Coupling software (ANSYS 2019 R2). Spatial pressure discretization was performed by the second-order
central differencing scheme. The spatial discretization of the gradients was performed by the least
squares cell-based method. The spatial discretization of momentum, turbulence kinetic energy (k),
and specific turbulence dissipation (𝜔) was performed by the second order upwind method. The
spatial discretization of continuity was based on Rhie & Chow (1983). Velocity and pressure coupling
was performed using the Coupled algorithm. Finally, temporal discretization was performed by the
second-order backward difference method.

For the fluid domain, the convergence criterion of 10-4 was adopted for the components of velocity,
continuity, k, and 𝜔. For the solid domain, the Newton-Raphson method was used with a residual
value of 0.1% of the applied load as a convergence criterion. For the 2-way approach, the convergence
criterion was root mean square (RMS) of 10-3 for a normalized value of all data transferred between
two successive iterations.

Results verification

To verify the results, a numerical simulation was performed in a domain representing the healthy
aorta, without aneurysm, by the 2-way approach, following the same methodology described in
the approach comparisons. The results for flow along the cardiac cycle in the left common carotid
artery were compared with two in vivo experimental studies by magnetic resonance imaging (MRI)
measurements in healthy aortic patients available in the literature (Boccadifuoco et al. 2018, Olufsen
et al. 2000).

RESULTS

The results were post processed in the planes shown in Figure 1b, P1, P2, and P3. The P2 plane cuts
the branches of the aortic arch, while the P1 and P3 planes cut the section of the aorta corresponding
to the arch in different directions. In addition, the instants of time highlighted in Figure 1a were
used in specific analyses: systolic peak (SP), maximum deceleration (MD), early diastole (ED), and
late diastole (LD).

Solid domain

The graphs in Figure 2 show the variation of von Mises stress, displacement, and strain along the
cardiac cycle in the planes shown in Figure 1b for the 1-way and 2-way approaches. The maximum
and average values of these variables in the planes are shown. Table I shows the numerical difference
between the approaches for the variables in Figure 2, with the mean absolute percentage deviation
(MAPD) of the 1-way approach in relation to the 2-way approach. Moreover, Table I shows the maximum
absolute difference (MAD) and the instant of time (tMAD) of such difference.
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Table I. Difference of solid variables of 1-way in relation to the 2-way approach in
planes P1, P2, and P3. MAPD: mean absolute percentage deviation; MAD: maximum
absolute difference; tMAD: instant of time of maximum absolute difference.

Surface

von Mises stress Displacement Strain

MAPD MAD tMAD MAPD MAD tMAD MAPD MAD tMAD
(%) (kPa) (s) (%) (mm) (s) (%) (s)

Plane 1 12.1 28400 0.18 11.2 0.569 0.23 11.8 0.021 0.18

Plane 2 4.94 4.94 0.12 10.7 0.613 0.08 6.01 0.005 0.12

Plane 3 8.76 23400 0.21 6.35 0.427 0.21 8.72 0.017 0.18

Figure 2. Variation of von Mises stress, displacement, and strain through the cardiac cycle in planes 1, 2, and 3 for
the 1-way and 2-way approaches. max: maximum; ave: average.
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The P1 plane had the greatest von Mises stress and strain differences, although it did not have the
greatest efforts (P3). In contrast, P2 showed the smallest differences, possibly because it was the least
requested mechanically. Regarding displacement, in P2, the value in the 1-way approach exceeded
that of the 2-way approach in some points. In absolute terms, although the P2 plane had the smallest
displacement, it showed the greatest difference between the approaches, as shown in Table I.

According to Figure 2 and Table I, the greatest mechanical stresses and the greatest differences
between approaches occurred at or near the systolic peak. In contrast, the smallest differences occur
in LD, where the efforts are smaller. For better visualization and comparison of the distribution of von
Mises stress and displacement in the aortic arch, Figures 3a-b respectively show the behavior of these
variables in PS and LD.

For both approaches, maximum von Mises stress and displacement points occurred at the systolic
peak on the inner surface of the artery, as shown in Figure 3c-d, respectively.

Fluid domain

The graphs in Figure 4 show the variation of the mean fluid velocity through the cardiac cycle in the
planes P1 and P3 for the 1-way and 2-way approaches. Figure 4 also shows the mean variation of
pressure and WSS for both methodologies. Finally, Figure 4 shows the mean variation of viscosity
in plane P1 and Reynolds number (Re) in planes P1 and inlet. Re was calculated based on the
hydraulic diameter, themean fluid velocity, and the average viscosity of the analyzed planes. Due to the
boundary conditions imposed on the inlet, the Re on this surface is the same in both methodologies.

Table II shows the numerical difference between the approaches for the variables in Figure 4.
The major difference in Re between the approaches was detected in systolic phase. The difference

of Re in the plane P1 was mainly due to the velocity difference in this plane, being greater in the 1-way
approach as well as due to the difference in viscosity, which is smaller in the 1-way. The maximum Re
of the 1-way approach in the plane P1 is comparable to that of the inlet surface, because although the
mean velocity in the P1 was lower, the hydraulic diameter is greater.

The mean Womersley number (Wo) was also calculated, based on the mean hydraulic diameter
and mean viscosity along the cycle at the inlet and plane P1. At the inlet, Wo = 12.7, at P1 in the 1-way,
Wo = 27.7, and at P1 in the 2-way Wo = 30.2. The Wo was greater in the 2-way methodology because the
mean hydraulic diameter is greater in this methodology due to lumen deformation.

As presented in the graphs in Figure 4, velocity and WSS show differences throughout the cardiac
cycle. Figure 5a shows the velocity streamlines at the points of SP, MD, and ED. The streamlines were
drawn starting from the ascending thoracic aorta in the SP and MD instants, and from the descending
thoracic aorta in the ED instant, which is the instant near the closure of the aortic valve, where the
blood tends to return to the ascending aorta from the descending one. Figure 5b shows the behavior
of the WSS at the moments of SP and MD.

Figure 6 shows the variation of the lumen area in P1 according to the local pressure variation.
Time runs counterclockwise from the curve. Hysteresis occurs at the moment of systolic peak. There
is an area increase that is almost linear with pressure. Area reduction does not occur in a single step
due to the variation in pressure that occurs with the events of the cardiac cycle, such as closing of
the aortic valve and the systolic phase.
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Figure 3. Comparison between 1-way and 2-way approaches in the solid domain. (a) von Mises stress in SP and LD.
(b) Displacement in SP and LD. (c) Highlight of maximum von Mises stress points. (d) Highlight of maximum
displacement points.
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Figure 4. Velocity variation in planes P1 and P3, pressure and WSS variations in the wall, viscosity variation in plane
P1, Re variation in planes P1 and inlet through the cardiac cycle for the 1-way and 2-way approaches.

Results verification

Comparative results are shown in Figure 7a in effective values, while in Figure 7b, the values were
dimensionless by the maximum volume flow rate of each case.

DISCUSSION

Solid domain

Considering the solid domain, in general, it is notable that the 1-way approach tends to underestimate
the von Mises stress, displacement, and strain in relation to the 2-way methodology, as shown in the
graphs in Figure 2. Although this difference between the approaches occurs both in average terms and
in relation to the maximum values in the analyzed planes, it is intensified in terms of the maximum
values. This difference between approaches regarding the behavior of stresses and deformations is in
accordance with the numerical study of Chandra et al. (2013) for aneurysms in the abdominal aorta.
In the modeling of carotid atherosclerotic plaques, which is another biological application with a
hyperelastic wall, it was also shown that the maximum von Mises stress was significantly lower and
the velocity significantly higher in the 1-way methodology compared to the 2-way for different plaque
models (Tao et al. 2015).

One of the advantages of numerical simulation is the possibility of analyzing wall stresses, as it is
one of the main predictors of adverse events such as rupture and dissection of the arterial wall and
cannot be measured directly in vivo (Xuan et al. 2018, Mendez et al. 2018). As in the case of aneurysms
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Figure 5. Comparison between 1-way and 2-way approaches in the fluid domain. (a) Velocity streamlines in SP, MD,
and ED. (b) Wall shear stress in SP and MD.
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Table II. Difference of fluid variables of 1-way in relation
to the 2-way approach in planes P1 and P3 and in the wall.
MAPD: mean absolute percentage deviation; MAD:
maximum absolute difference; tMAD: instant of time of
maximum absolute difference.

Plane 1 Plane 3 Wall

Velocity

MAPD (%) 33.200 27.700 -

MAD (m/s) 0.097 0.087 -

tMAD (s) 0.200 0.070 -

Pressure

MAPD (%) - - 1.690

MAD (Pa) - - 1260

tMAD (s) - - 0.050

WSS

MAPD (%) - - 31.800

MAD (Pa) - - 2.900

tMAD (s) - - 0.070

Viscosity

MAPD (%) 5.300 - -

MAD (Pa.s) 0.00135 - -

tMAD (s) 0 - -

Re

MAPD (%) 22.100 - -

MAD 968 - -

tMAD (s) 0.210 - -

Figure 6. Variation of the area according
to the local pressure in plane P1.

in the ascending thoracic aorta (da Silva et al. 2022, Wang et al. 2021, Cosentino et al. 2019, Xuan
et al. 2018, Campobasso et al. 2018) and abdominal (Miller et al. 2020, van Disseldorp et al. 2020)
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Figure 7. Verification of numerical simulations with experimental data available in the literature for healthy aorta.
Volume flow in the left common carotid artery. (a) Effective values. (b) Dimensionless.

and even cerebral aneurysms (Khe et al. 2016), in the aneurysm region, there was an increase in wall
stress, herein quantified by von Mises stress. However, peak stress did not occur in the larger diameter
aneurysm section, but in the aneurysm neck at the beginning of the branches (Figure 3). Peak stress
may be related to the local anatomical curvature of the region (de Galarreta et al. 2017), which explains
the occurrence of the peak stress in the aneurysm necks, or in regions of inflection, as observed in
numerical analyses of different types and locations of aneurysms (da Silva et al. 2022, de Lucio et al.
2021, Plonek et al. 2017).

Although Table I shows that the maximum MAPD of von Mises stress was 12.1% in the analyzed
planes, in terms of maximum values specifically, the difference between the two approaches can
be significant, particularly in the systolic peak; therefore, the 1-way approach can lead to an
underestimated prediction in the analysis of rupture of the aneurysm. Quantitatively, the stresses
found here are in accordance with those of other studies of aneurysms in the thoracic region (Wang
et al. 2021, Yeh et al. 2018).

Although the maximum displacements found were high and occurred in the aneurysmal region,
the displacements in the other sites of the aorta were within the physiological range for healthy aorta,
measured by MRI (Nasr et al. 2017).

Fluid domain

Although the greatest differences in the variables in the solid domain reached 12.1%, in the fluid
domain the differences in velocity at P1 and WSS on the wall reached 33.2% and 31.8%, respectively. In
P1 and P3, the velocity in the systolic phase of the 1-way approach tended to overestimate the values
of the 2-way approach, while in the systolic phase, they tended to approach it. Velocity results are in
line with the studies that demonstrated that CFD methodology overestimated the maximum velocity
in ascending aortic aneurysm (Nannini et al. 2021) and in thoracic aorta of Marfan syndrome patients
(Pons et al. 2020) compared to the 2-way FSI methodology. Furthermore, according to Nannini et al.
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(2021) and Pons et al. (2020) the 2-way FSI approach outperform CFD simulations significantly when
compared with in vivo measurements by 4D phase contrast magnetic resonance imaging (4D PC-MRI).
The events of the cardiac cycle vary according to the approach adopted, as can be observed in Figure
5 at the instant of ED. In this instant of time in the 1-way methodology, the blood is already in a more
advanced stage of blood return, while in the 2-way methodology, this return event is at its beginning.

The Re computed at inlet were within the physiological range calculated based on data obtained
by MRI by Ha et al. (2018) in healthy aorta, being more consistent with Re measured in elderly patients,
which is the case of the geometry used in this study. The transition to turbulence that occurs in
aneurysms is more related to the deceleration of the flow that makes it unstable than to the Re (Philip
et al. 2021, Saqr et al. 2020). The region of the aneurysmal sac becomes conducive to the formation of
vortices and greater recirculation, as shown at the instant of MD in the 2-way approach. According to
Philip et al. (2021) the vortex formationmechanism is influenced by the wall movement. In rigid arterial
walls the vortex pattern is formed only by temporal deceleration while elastic arterial walls generate
vortex separation due to wall movement as well as recirculation zones in the center of the aneurysm
(Philip et al. 2021, Sharzehee et al. 2018). Vortex formation and flow recirculation mainly in late systole
and pre diastole were also verified in thoracic aneurysms by other authors (da Silva et al. 2022, Ong
et al. 2018, Nardi & Avrahami 2017). Local blood recirculation may be one of the causes of aneurysm
rupture (Numata et al. 2016). The formation of vortices can increase the stress in the blood elements
and activate thrombus-causing particles such as platelets, which, together with the recirculation of
these elements that occurs in the aneurysmal sac, can lead to the formation of intraluminal thrombus
(ILT) (Ong et al. 2018). Ong et al. (2018) conducted a CFD study to investigate the formation of ILT in
thoracic aneurysms and found that aortic curvature and aneurysm size are the main contributing
factors of persistent vortices during systole that lead to the formation of ILT (Ong et al. 2018). The
reduction in the size of aneurysms delays the formation of the vortex and causes it to dissipate earlier,
reducing the time of exposure of blood elements to high shear stresses within the vortex (Ong et al.
2018). Figure 5 shows the effect of 2-way modeling, especially in the instants of greater efforts in the
arterial wall (SP and MD), where the lumen is more dilated in the 2-way approach, unlike the 1-way
methodology where the lumen is constant. Consideration of the lumen without dilation, as occurs in
the 1-way methodology, can lead to an underestimation in the formation of the ILT.

WSS was overestimated by the 1-way approach compared to the 2-way in the SP and tended
to equalize in the diastolic phase, which was also verified by Chandra et al. (2013) for abdominal
aneurysms. This higher value of WSS mainly in the necks and branches can be explained by the
non-dissipation of energy into the arterial wall in 1-way methodology, which increases the turbulent
kinetic energy in the region and overestimates the WSS (Lin et al. 2017). Boyd et al. (2016) showed by
numerical simulation of ruptured abdominal aortic aneurysms that rupture tends to occur in sites of
high blood recirculation where thrombus deposition predominates and not in sites of high pressure
and WSS. Moreover, according to Boyd et al. (2016) the rupture occurs in sites of low WSS, which is in
line with the studies of Zambrano et al. (2016) and Lozowy et al. (2017) who suggested that low WSS
promotes ILT accumulation. The highest WSS values found for both approaches were located in the
aneurysm necks and not in the aneurysm sac region, where WSS was low, which agree with the work
of Simão et al. (2017) and Nardi & Avrahami (2017). Another high WSS point occurred in the branches
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due to the area reduction that, consequently, leads to a velocity variation in this region, which was
also verified by Numata et al. (2016), Simão et al. (2017) and Etli et al. (2021).

Although the mean fluid pressure variation in the wall throughout the cardiac cycle was similar
in both approaches (Figure 4), it may be necessary to implement the 2-way approach in the case of
this type of aortic flow analysis, where the arterial wall has hyperelastic behavior. Even with similar
pressure profiles, the different coupling methodologies led to different mechanical responses. The
results found here corroborate the work of Ong et al. (2018) and Boyd et al. (2016), as, in the 2-way
approach with the dilated aneurysmal region, recirculation and von Mises stresses at the end of
systole and beginning of diastole were higher, but WSS was lower mainly in the SP, in comparison
with the 1-way approach. This suggests that computational numerical simulation as a means to
analyze aneurysms and support decision making for possible intervention by the 1-way approach
may underestimate the risk of rupture of thoracic aneurysms.

Given the limitations of the 1-way methodology exposed here, it is worth mentioning that the
simulations in this methodology were easier and faster. In this study, simulations in the 1-way
approach took approximately 18% of the time compared to the 2-way approach.

Model verification

Figure 7, in terms of model verification with experimental studies of the literature for healthy
aorta, primarily shows the variability of flow behavior for this type of application. However, when
dimensionless, the volumetric flow tends to follow a certain pattern, which the study developed here
was able to reproduce. Even in terms of dimensional values, numerical simulation approaches the
results of Boccadifuoco et al. (2018).

Although the results found were coincident with others available in the literature, the limitation
of this work lies in the need for experimental validation to compare the accuracy of numerical
simulations. Another limitation is the need for a specific experimental study for the analyzed thoracic
region to define the parameters of the material since the data available and used here are based on
the abdominal section of the aorta. Finally, the aorta was modeled with uniform wall thickness and
no boundary condition were considered to model the contact of the arterial wall with other tissues
and organs.

CONCLUSION

The present study provided a comparison between the 1-way and 2-way coupled fluid-structure
interaction of the blood flow field and the mechanical response of an aneurysm located in the aortic
arch. Furthermore, the behavior of the flow field and points of maximum stress and displacement of
the arterial wall were investigated, which can support growth analysis, the potential for rupture, and
decision-making in the medical practice regarding intervention in aneurysms. The correct modeling
of FSI also contributes to the knowledge of the dynamics of the arterial wall that is important
for the planning and execution of cardiovascular interventions in the aortic arch, such as thoracic
endovascular aortic repair (TEVAR). Regarding the solid domain, an underestimation of the 1-way
approach in relation to the 2-way was verified in the mechanical response variables, which tended
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to intensify at the moment of systolic peak although, in general, both approaches showed similar
behavior qualitatively. In contrast, in the fluid domain, an overestimation of the 1-way approach
in relation to the 2-way was verified in velocity, WSS and Re. The results indicated that the 1-way
methodology may underestimate the formation of ILT, as well as the dissection and rupture of the
aneurysm. Future studies should evaluate the behavior of the arterial wall under the methodology of
separately implemented arterial layers, as well as directly assess the potential formation of thrombus
in aortic arch aneurysms.
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